Increased global protein synthesis and selective translation of mRNAs encoding proteins contributing to malignancy is common in cancer cells. This is often associated with elevated expression of eukaryotic translation initiation factor 4 (eIF4E), the rate-limiting factor of cap-dependent translation initiation. We report here that in human melanoma downregulation of miR-768-3p as a result of activation of the mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway has an important role in the upregulation of eIF4E and enhancement in protein synthesis. Melanoma cells displayed increased nascent protein production and elevated eIF4E expression, which was associated with the downregulation of miR-768-3p that was predicted to target the 3 0 -untranslated region of the eIF4E mRNA. Overexpression of miR-768-3p led to the downregulation of the endogenous eIF4E protein, reduction in nascent protein synthesis and inhibition of cell survival and proliferation. These effects were efficiently reversed when eIF4E was co-overexpressed in melanoma cells. On the other hand, introduction of anti-miR-768-3p into melanocytes upregulated endogenous eIF4E protein expression and increased global protein synthesis. Downregulation of miR-768-3p appeared to be mediated by activation of the MEK/ERK pathway, in that treatment of BRAF V600E melanoma cells with the mutant BRAF inhibitor PLX4720 or exposure of either BRAF V600E or wild-type BRAF melanoma cells to the MEK inhibitor U0126 resulted in the upregulation of miR-768-3p and inhibition of nascent protein synthesis. This inhibition was partially blocked in cells cointroduced with anti-miR-768-3p. Significantly, miR-768-3p was similarly downregulated, which was inversely associated with the expression levels of eIF4E in fresh melanoma isolates. Taken together, these results identify downregulation of miR-768-3p and subsequent upregulation of eIF4E as an important mechanism in addition to phosphorylation of eIF4E responsible for MEK/ ERK-mediated enhancement of protein synthesis in melanoma.
INTRODUCTION
Cancer cells require increased protein production to sustain their malignant characteristics such as enhanced survival and proliferation. [1] [2] [3] [4] The rate of mRNA translation has an important role in regulating protein expression and is primarily controlled at the stage of translation initiation. [1] [2] [3] [4] Initiation of translation of most mRNAs is mediated by the cap-dependent mechanism, whereas cap-independent initiation is involved in the translation of a subset of mRNAs, especially under cellular stress conditions. 1, 3 Cap-dependent translation initiation is governed by the eukaryotic initiation factor (eIF) 4F (eIF4F) complex that consists of the capbinding protein eIF4E, the RNA helicase eIF4A and the scaffolding protein eIF4G. [1] [2] [3] [4] Among them, eIF4E is the rate-limiting factor that potentially influences the expression of almost every protein in cells. 1, 5, 6 The activity of eIF4E is regulated by its availability that is controlled by the eIF4E inhibitory binding proteins (4E-BPs), in particular, 4E-BP1. 1, 5, 6 Hypophosphorylated 4E-BP1 shares the same binding motif with eIF4G and thus competes with eIF4G for binding to and sequestering eIF4E. 1, 5, 6 In addition, phosphorylation of eIF4E at serine 209 upon binding to eIF4G by mitogen-activated protein kinase signal-integrating kinase 1 (MNK1) and MNK2 enhances its activity. 5, 7, 8 Importantly, overexpression of eIF4E promotes cellular transformation and tumourigenesis. [9] [10] [11] This is associated with increased translation of various mRNAs encoding cancer-promoting proteins. 1, [10] [11] [12] Indeed, eIF4E is expressed at increased levels in many types of cancers, such as those of the breast and colon, [13] [14] [15] which is often associated with disease progression and poor prognosis of patients. 1, [13] [14] [15] However, the mechanism(s) responsible for the upregulation of eIF4E in cancer cells remains elusive.
MicroRNAs (miRs) regulate gene expression in a sequence-specific manner through binding to 3 0 -untranslated regions (UTRs) of target mRNAs, either targeting the transcripts for degradation or blocking their translation. 16, 17 They can also inhibit translation by directly targeting the eIF4F complex. 18, 19 The expression of miRs is frequently deregulated in cancer cells and many miRs are oncogenic or tumour suppressive. 17, 20 In particular, a number of miRs such as miR-221/222 and miR-149* are known to regulate melanoma cell survival or proliferation. [21] [22] [23] [24] [25] Diverse mechanisms are involved in the regulation of miR expression in a tissue-and cell type-specific manner. These include genomic alterations, epigenetic changes and transcription factor-mediated transactivation or repression. 16, 26, 27 A characteristic of human melanoma is oncogenic activation of the mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway. 28, 29 This stems primarily from activating mutations of BRAF, with the most common mutation being a glutamic acid for valine substitution at position 600 (BRAF   V600E   ) . 28, 29 Noticeably, a number of miRs such as miR-193a, miR-338 and miR-768-3p have been reported to be regulated by oncogenic activation of MEK/ERK signalling in melanoma. 30, 31 Although activation of the MEK/ERK pathway is known to promote protein synthesis by phosphorylation of eIF4E through activation of MNK1 and MNK2, [1] [2] [3] [4] 7 we have found in this study that upregulation of the expression of eIF4E also has an important role in MEK/ERK-mediated enhancement of mRNA translation in melanoma. We demonstrate here that MEK/ERKmediated upregulation of eIF4E is due to its inhibitory effect on the expression of miR-768-3p. The latter targets eIF4E and is commonly downregulated in melanoma cells.
RESULTS

eIF4E is upregulated in melanoma cells
Increased mRNA translation has an important role in the pathogenesis of cancer. [1] [2] [3] [4] In line with this, the magnitude of nascent protein synthesis appeared significantly increased in cultured melanoma cells compared with melanocytes ( Figures 1a  and b) . Similarly, the relative amount of polysome-associated mRNA in melanoma cells was also increased (Figure 1c ). This was associated with increased expression and phosphorylation of the eIF4E protein (Figures 1d and e) . The elevated levels of protein production and eIF4E expression and phosphorylation in melanoma cells compared with melanocytes was not due to the differences in culture conditions, in that Mel-RM and Mel-CV cells grown in melanocyte culture medium displayed even further increases, albeit moderately, in protein synthesis and eIF4E expression and phosphorylation. In contrast, when melanocytes were switched to melanoma cell culture medium, the levels of protein synthesis and eIF4E expression and phosphorylation were reduced (Supplementary Figure 1) .
The role of eIF4E in increased protein synthesis in melanoma cells is confirmed by small RNA interference (siRNA) knockdown of eIF4E, which caused marked reduction in nascent protein synthesis in Mel-CV cells (Figures 1f and g ). However, it displayed less pronounced effect in Mel-RM cells. This was conceivably due to the residual eIF4E protein that might remain adequate to drive mRNA translation as the endogenous eIF4E inhibitor 4E-BP1 was also downregulated when eIF4E was knocked down in the cells (Figure 1f) . 32 Nonetheless, knockdown of eIF4E rendered Mel-RM cells more sensitive to 4EGI-1, a small molecule that inhibits the interaction between eIF4E and eIF4G ( Figure 1h ). 33 Collectively, these results indicate that mRNA translation is enhanced, which is at least, in part, due to the upregulation of eIF4E, in melanoma cells.
Contrary to its B6-fold increases at the protein level (Figure 1e ), the eIF4E transcript was elevated o2-folds and displayed comparable turnover rates in melanoma cells compared with melanocytes (Figures 2a and b) . Moreover, the half-life time of the eIF4E protein did not appear to prolong in melanoma cells (Figures 2c and d) . These data suggest that translational upregulation may have an important role in increased expression of eIF4E in melanoma cells.
MiR-768-3p is downregulated in melanoma cells
We sought to determine if miRNAs that commonly target transcripts to block their translation are involved in the regulation of eIF4E by comparing miRNA expression profiles between Mel-RM and Mel-CV melanoma cell lines and HEMn-MP and HEMn-DP melanocyte lines using TaqMan low-density array (Applied Biosystems, Mulgrave, VIC, Australia). Among miRNAs that were differentially expressed, a decrease in miR-768-3p, whose 'seed' region matched perfectly to a region (nucleotides 2645-2652) at the 3 0 -UTR of the eIF4E mRNA, in melanoma cells was one of the most pronounced ( Genes-to-System Breast Cancer Database: http://www.itb.cnr.it/breastcancer//index.htm) (Figures  3a and b and Supplementary Table 1 ). This was subsequently confirmed in 10 melanoma cell lines (Figure 3c ). In contrast, other miRNAs that are predicted to target eIF4E (MiRanda (http:// www.microrna.org) and Target Scan (http://www.targetscan.org)) such as miR-150b and miR-382 did not significantly alter in expression in melanoma cells compared with melanocytes (Supplementary Table 1 ). Of importance, miR-768-3p was expressed at reduced levels in 48/50 of metastatic melanoma isolates relative to primary melanocytes (Figure 3d ), suggesting that inhibition of miR-768-3p expression may have functional significance in melanoma biology in vivo. Quantitation of nascent protein synthesis in a panel of melanoma cell lines relative to the HEMn-MP and HEMn-DP melanocyte lines using the Click-iT protein synthesis assay kit as described in (a). The MFI of each sample was normalized against the corresponding sample without labelling with the metabolic labelling reagent. The relative magnitude of nascent protein synthesis of HEMn-MP was arbitrarily designated as 1. The data shown are the mean ± s.e. of three individual experiments. (c) Polysome fractions of HEMn-MP melanocytes and Mel-RM and Mel-CV melanoma cells were collected using sucrose-gradient centrifugation and were subjected to polysome profiling where the absorbance of each fraction was measured at 254 nm. The data shown are representative of three individual experiments. (d) Whole-cell lysates from melanocytes (HEMn-MP and HEMn-DP) and melanoma cells as indicated were subjected to western blot analysis of phosphorylated eIF4E, eIF4E and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (as a loading control). The data shown are representative of three individual experiments. (e) Comparison of eIF4E expression levels between melanocytes and melanoma cells as shown in (d). Levels of eIF4E were normalized to those of GAPDH. Quantitation of each band was determined using the NIH Image J software (NIMH, Bethesda, MD, USA). The mean eIF4E expression level of HEMn-MP and HEMn-DP melanocytes was arbitrarily designated as 1. The data shown are mean ± s.e. of three individual experiments. The average eIF4E expression levels in melanoma cells are B6-fold higher than melanoctyes. (f ) Mel-RM and Mel-CV cells were transfected with the control or eIF4E siRNA. After 24 h, whole-cell lysates were subjected to western blot analysis of eIF4E, 4E-BP1 and GAPDH (as a loading control). The data shown are representative of three individual experiments. (g) Mel-RM and Mel-CV cells were transfected with the control or eIF4E siRNA. After 24 h, cells were subjected to measurement of nascent protein synthesis using the Click-iT protein synthesis assay kit by flow cytometry. The MFI of each sample was normalized against the corresponding sample without labelling with the metabolic labelling reagent. The relative magnitude of nascent protein synthesis in cells from each line transfected with the control siRNA was arbitrarily designated as 1. The data shown are mean ± s.e. of three individual experiments. (h) Mel-RM cells were transfected with the control or eIF4E siRNA. After 24 h, cells were treated with 4EGI-1 (5 mM) for a further 24 h. Cells were then subjected to measurement of nascent protein synthesis using the Click-iT protein synthesis assay kit by flow cytometry. The MFI of each sample was normalized against the corresponding sample without labelling with the metabolic labelling reagent. The relative magnitude of nascent protein synthesis in cells transfected with the control siRNA without exposure to 4EGI-1 was arbitrarily designated as 1. The data shown are mean±s.e. of three individual experiments.
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MiR-768-3p downregulates eIF4E As miR-768-3p overlaps with the small nucleolar RNA HBII-239, 34, 35 we interrogated the potential interaction of this RNA with Argonaute (Ago) proteins, a core component of the RNAinduced silencing complex (RISC) by co-immunoprecipitation using an Ago (pan) antibody. 36 MiR-221 that is functionally verified in melanoma cells was included as a positive control, 21, 23 and the small nuclear RNA U6, as a negative control. 37 Similar to miR-221, the majority of this RNA (more than 80% in comparison with the input in both Mel-RM and Mel-CV cells) was associated with Ago proteins, whereas, as expected, U6 was not enriched in the Ago precipitates (Figure 4a ). These results indicate that this RNA is indeed processed into a mature miR (miR-768-3p) in melanoma cells. 36 To verify that miR-768-3p targets eIF4E, we introduced luciferase reporter plasmids of the 3 0 -UTR of eIF4E into Mel-RM cells and HEMn-MP melanocytes (Figure 4b and Supplementary  Figure 2 ). The reporter activity was markedly suppressed by the presence of the 3 0 -UTR of eIF4E in HEMn-MP, and to a lesser extent in Mel-RM cells, which was however reversed when the 3 0 -UTR was mutated (Figure 4b ), suggesting that the 3 0 -UTR of eIF4E was inhibited by endogenous miR-768-3p. In support, cointroduction of anti-miR-768-3p into Mel-RM and HEMn-MP cells increased (Figure 4c ), whereas the addition of miR-768-3p mimics further reduced the reporter activity (Figure 4d ). Therefore, miR-768-3p targets the 3 0 -UTR of eIF4E in both melanoma cells and melanocytes. The fragment of DNA cloned into luciferase reporter plasmids was indeed present at the endogenous 3 0 -UTR of eIF4E in miR-768-3p regulates eIF4E in melanoma CC Jiang et al
Mel-RM and HEMn-MP cells as verified by polymerase chain reaction (PCR) analysis (Supplementary Figures 2 and 3).
Introduction of miR-768-3p mimics into Mel-RM cells downregulated the endogenous eIF4E protein levels, whereas introduction of anti-miR-768-3p into HEMn-MP resulted in an increase in the eIF4E protein expression (Figure 4e ). These results substantiate that eIF4E is a bona fide target of miR-768-3p that is downregulated in melanoma cells. The endogenous levels of another two predicted miR-768-3p targets, Bcl-2 and ATF6, were not affected by the introduction of miR-768-3p mimics or antimiR-768-3p (Supplementary Figure 4) , suggesting that suppression of eIF4E by miR-768-3p is highly selective in melanoma cells.
We also examined representative fresh melanoma isolates sampled by relatively low (n ¼ 3), intermediate (n ¼ 3) and high (n ¼ 3) levels of miR-768-3p for the expression of eIF4E. The results showed that melanomas with low miR-768-3p expression displayed relatively high levels of eIF4E, whereas intermediate and high miR-768-3p expression associated with progressively less eIF4E ( Figure 4f ). Therefore, the inhibitory effect of miR-768-3p on eIF4E in vivo is in accordance with the regulatory model identified in vitro (Figures 4c-f ).
Downregulation of miR-768-3p contributes to increased nascent protein synthesis Having established the role of miR-768-3p in the suppression of eIF4E, we examined whether it is involved in increased nascent protein synthesis in melanoma cells. Introduction of miR-768-3p into Mel-RM and Mel-CV cells led to decreased global protein production (Figure 5a ), which recapitulated the effect of knockdown of eIF4E ( Figure 1g ). In contrast, introduction of antimiR-768-3p into HEMn-MP melanocytes resulted in increased nascent protein synthesis, which could be abolished by the cointroduction of eIF4E siRNA (Figures 5b and c) . These results indicate that downregulation of miR-768-3p has an important role in increased protein synthesis in melanoma cells through the upregulation of eIF4E.
MiR-768-3p is responsive to the MEK/ERK pathway The MEK/ERK pathway that has an important role in the regulation of mRNA translation is constitutively activated in the majority of melanomas. 28, 29 We therefore examined whether miR-768-3p is involved in MEK/ERK-mediated regulation of protein synthesis in melanoma cells. Comparison of miRNA expression profiles in Mel-CV (BRAF V600E ) cells before and after treatment with the mutant BRAF inhibitor PLX4720 showed that an increase in miR-768-3p (B8-fold) was among the most significant changes in miRNA expression (Figure 6a and Supplementary Table 2 ). This was confirmed in a panel of BRAF V600E melanoma cell lines ( Figure 6b ). Similarly, treatment with the MEK inhibitor U0126 caused increases in miR-768-3p in both BRAF V600E and wild-type BRAF melanoma cell lines (Figure 6c ). These results suggest that the MEK/ERK pathway has an important role in the suppression of miR-768-3p in melanoma cells.
PLX4720 inhibited nascent protein production in BRAF V600E melanoma cells, whereas U0126 in both BRAF V600E and wild-type BRAF melanoma cells (Figure 6d ). However, this inhibition was partially reversed in cells introduced with anti-miR-768-3p (Figure 6e ), which in part recapitulated the inhibitory effect on protein synthesis afforded by knockdown of eIF4E (Figures 1g and  6f ), indicating that suppression of miR-768-3p and subsequent upregulation of eIF4E is involved in enhancement of mRNA translation mediated by MEK/ERK. Taken together, results from the above studies identify a novel MEK/ERK-dependent, miR-768-3p-mediated signalling pathway that contributes to increased miR-768-3p regulates eIF4E in melanoma CC Jiang et al nascent protein synthesis in melanoma cells. As anticipated, PLX4720 downregulated the levels of phosphorylated eIF4E in Mel-CV (BRAF V600E ) cells, whereas U0126 in both Mel-CV and Mel-RM (wild-type BRAF) cells (Figure 6g) . However, the kinetics of inhibition of eIF4E phosphorylation by PLX4720 and U0126 was more rapid than their inhibitory effects on the expression of eIF4E. Therefore, activation of MEK/ERK promotes mRNA translation by impinging on both eIF4E expression and its phosphorylation in a biphasic manner.
MiR-768-3p inhibits melanoma cell proliferation and survival Although introduction of miR-768-3p mimics, alike knockdown of eIF4E, triggered apoptosis in a proportion of Mel-RM and Mel-CV cells (Figures 7a-c) , inhibition of cell proliferation appeared to be the predominant consequence as shown in 5-bromo-2 0 -deoxyuridine (BrdU) incorporation and clonogenic assays (Figure 7d ). In addition, cointroduction of miR-768-3p mimics and eIF4E siRNA further enhanced inhibition of cell survival and proliferation (Figure 7e ). On the other hand, the inhibitory effect of miR-768-3p on cell proliferation was abolished in Mel-RM and Mel-CV cells overexpressing eIF4E (Figure 7f ). Therefore, downregulation of miR-768-3p contributes to melanoma cell survival and proliferation by impinging on the expression of eIF4E.
To exclude possible off-target effects of the massive increase (a more than 15 000-fold increase in Mel-RM cells) in miR-768-3p expression, resulting from the introduction of miR-768-3p mimics, we introduced an miR-768-3p precursor-expressing construct into Mel-RM and Mel-CV cells. This led to a 24-and 34-fold increase in miR-768-3p in Mel-RM and Mel-CV cells, respectively (Supplementary Figure 5) . Introduction of the construct caused apoptosis and inhibition of proliferation to a similar extent to that triggered by miR-768-3p mimics (Supplementary Figure 5) , suggesting that the effect of miR-768-3p on melanoma cell survival and proliferation is specific.
To further validate the role of miR-768-3p in melanoma cell survival and proliferation, we introduced miR-768-3p mimics into two fresh metastatic melanoma isolates, Mel-JR and Mel-BE. As shown in Figure 7g , introduction of miR-768-3p mimics also resulted in reduced proliferation rates of these fresh melanoma isolates, which may reflect more closely melanoma cell responses to altered miR-768-3p expression in vivo. 
DISCUSSION
In this report, we present evidence that miR-768-3p has an important role in inhibiting eIF4E expression and mRNA translation, and in regulating melanoma cell proliferation and survival. While its expression is commonly reduced in cultured melanoma cells and fresh melanoma isolates, introduction of exogenous miR-768-3p into melanoma cells resulted in the downregulation of eIF4E and reduction in nascent protein synthesis. This was associated with inhibition of cell proliferation and survival. Our results also reveal that downregulation of miR-768-3p in melanoma cells is mediated by activation of the MEK/ERK pathway.
Cancer cells require greater protein synthesis output to sustain their malignancy. [1] [2] [3] [4] Consistent with this, we found that global mRNA translation and nascent protein production were increased in melanoma cells compared with melanocytes. Although we did not examine the translation rate of any particular mRNA, it is conceivable that translation of mRNAs encoding cancerpromoting proteins are accelerated in melanoma cells, as the increase in global protein synthesis is associated with an increase in the expression of eIF4E. While the latter is known to have the potential to mediate translation of almost every mRNA, its overexpression preferentially stimulates synthesis of a number of proteins that are associated with cancers such as c-MYC, cyclin-D1 and VEGF. 1,38-40 mRNAs encoding these proteins have highly structured 5 0 -UTRs, which result in their translation repression under normal conditions. 1, 41 Nevertheless, these mRNAs respond more efficiently to elevated eIF4E. 1, 38 Indeed, c-MYC, cyclin-D1 and
38-40
In experimental systems, overexpression of eIF4E promotes cancer development and progression, whereas inhibition of eIF4E suppresses malignancy. 42, 43 Consistently, the expression of eIF4E is increased in many types of cancers including melanoma in vivo, [13] [14] [15] 44 which is commonly correlated with disease progression and poor prognosis of patients, and is associated with resistance to therapeutic agents. [13] [14] [15] 44 However, although it is well known that the eIF4E activity is regulated by its availability and phosphorylation, the mechanisms responsible for its upregulation remain less understood. We found in this study that the eIF4E protein was increased to a noticeably greater degree than its transcript in melanoma cells compared with melanocytes (B6 vsB1.6 times), and that the stability of the protein and transcript remained similar between the two types of cells, suggesting that the increase in eIF4E is primarily mediated by translational regulation. We were thus promoted to explore the potential role of miRs in the regulation of eIF4E expression and identified downregulation of miR-768-3p as an important mechanism responsible for the upregulation of eIF4E in melanoma cells.
As miR-768-3p is located within the sequence of the small nucleolar RNA HBII-239, 34 its existence as an miR has been challenged and its entry has been removed from miRBASE. However, we found that miR-768-3p was associated with Ago proteins, a core component of the RNA-induced silencing complex, to the same extent as miR-221, a well-established miR that is increased in melanoma cells, indicating that miR-768-3p possesses the characteristics of a functional miR in melanoma cells. 36 In support, it has been recently reported that miRs could be generated by small nucleolar RNA. 35 It is conceivable that (c) HEMn-MP melanocytes were co-transfected with scrambled or anti-miR-768-3p oligonucleotides and the control or eIF4E siRNA. After 24 h, whole-cell lysates were subjected to western blot analysis of eIF4E and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (as a loading control). The data shown are representative of three individual western blot analyses.
miR-768-3p regulates eIF4E in melanoma CC Jiang et al miR-768-3p is processed into a mature miR through a noncanonical miR biogenesis pathway as proposed by others. 35 The expression and functional importance of miRs in melanoma have been studied extensively in recent years. [21] [22] [23] [24] [25] Not only a number of miRs such as miR-211 have been found to be differentially expressed between melanocytes and melanoma cells 23, 25 but also changes in the expression of a number of miRs have been demonstrated to be associated with melanoma progression and invasion. [23] [24] [25] We have also previously shown that miR-149* protects against apoptosis by stabilizing Mcl-1 via targeting glycogen synthase kinase 3a (GSK3a) in melanoma cells under endoplasmic reticulum stress. 22 Although inhibition of mRNA translation is a common mechanism by which an miR regulates its target gene expression, [16] [17] [18] our results reveal that miR-768-3p miR-768-3p regulates eIF4E in melanoma CC Jiang et al inhibits global protein synthesis by targeting eIF4E in melanoma cells. Targeting eIF4E by miR-768-3p appeared to be highly selective, in that the expression of Bcl-2 and ATF6, both of which are predicted targets of miR-768-3p, did not respond to overexpression or inhibition of miR-768-3p. Regulation of target expression by miRs is known to be tissue-and cell type-specific. 17 The expression of miRs can be regulated by diverse mechanisms. These include genetic alterations, epigenetic changes and transcription factor-mediated transactivation or repression. 17, 20 Of interest, many miRs are associated with signalling pathways important for the pathogenesis of melanoma. For example, miR-221/222 has been identified as regulators of c-KIT, whereas miR-137 and miR-148 as regulators of microphthalmia-associated transcription factor. 21, 45, 46 In particular, it has been recently reported that a number of miRs such as miR-193a, miR-338 and miR-768-3p are subjected to regulation by oncogenic activation of MEK/ERK signalling in melanoma. 30, 31 Our finding that suppression of miR-768-3p by MEK/ERK contributes to enhanced mRNA translation through the upregulation of eIF4E indicates that miR-768-3p is a build-in component of the MEK/ERK pathway in melanoma cells. Therefore, activation of MEK/ERK signalling enhances protein synthesis not only by phosphorylating eIF4E vial activation of MNK1 and MNK2 [1] [2] [3] [4] 7 but also through the upregulation of eIF4E expression.
Of note, miR-768-3p is embedded within intron 12 of the human gene encoding adaptor-related protein complex 1, gamma 1 subunit (AP1G1), 47 which was also increased by inhibition of MEK (Supplementary Figure 6) , suggesting that miR-768-3p may be regulated along with the AP1G1 gene in response to MEK/ERK signalling. However, the exact mechanism involved and the functional significance of the regulation of APIG1 by MEK/ERK remains to be investigated. APIG1 is known to have an important role in protein transportation mediated by clathrin-coated vesicles. 48 The functional significance of miR-768-3p in melanoma was demonstrated by inhibition of cell survival and proliferation with its overexpression, which was also echoed by its downregulation in fresh melanoma isolates and the negative association between its expression levels and the levels of eIF4E. Multiple molecules conceivably contribute to the regulation of melanoma cell survival and proliferation by miR-768-3p, such as c-MYC and cyclin D1, which are sensitive to changes in the expression levels of eIF4E. 33, [38] [39] [40] [41] Targeting eIF4E is in development for clinical use in the treatment of cancer.
3, 49 Our results suggest that restoration of the expression of miR-768-3p may be a useful alternative strategy for inhibition of eIF4E in melanoma. As a precedent, replacement therapy has been shown to be efficacious in a mouse model of colon cancer for miR-145 and miR-33a. 50 With continuing investigations into in vivo delivery systems for miRs, this approach is likely to be achievable.
MATERIALS AND METHODS
Cell culture and reagents
The human melanoma cell lines used have been described previously and are summarized in Supplementary Table 3. 51 They were cultured in Dulbecco's modified Eagle's medium containing 5% foetal calf serum (Commonwealth Serum Laboratories, Melbourne, VIC, Australia). The melanocyte lines HEMn-MP and HEMn-DP and melanocyte culture medium (M-254) were purchased from Banksia Scientific (Bulimba, QLD, Australia). Antibodies against p-eIF4E, eIF4E, p-ERK and the eIF4E inhibitor 4EGI-1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against 4E-BP1 and ERK were purchased from Cell Signalling Technology (Beverly, MA, USA). PLX4720 was provided by Plexxikon Inc. (Berkeley, CA, USA), which was dissolved in dimethylsulphoxide and made up in stock solutions of 4 mM. The MEK inhibitor U0126 was purchased from Promega (Madison, WI, USA). Mature hsa-miR-768-3p mimics and anti-miR-768-3p were purchased from Applied Biosystems (Mulgrave, VIC, Australia). Human fresh melanoma isolates were prepared according to a published method. 52 Studies using human tissues Mel-RM and Mel-CV cells were co-transfected with scrambled or miR-768-3p mimics and vector alone or eIF4E cDNA. After 48 h, cells were subjected to proliferation assays using the BrdU incorporation method. The data shown are mean ± s.e. of three individual experiments. Lower panel: Mel-RM and Mel-CV cells were co-transfected with miR-768-3p mimics and vector alone or eIF4E cDNA. After 48 h, whole-cell lysates were subjected to western blot analysis of eIF4E and GAPDH (as a loading control). The data shown are representative of three individual experiments. Mel-JR and Mel-BE fresh melanoma isolates were transfected with scrambles or miR-768-3p mimics. After 48 h, cells were subjected to proliferation assays using the BrdU incorporation method. The data shown are mean±s.e. of three individual experiments. Nascent protein synthesis Nascent protein synthesis was detected by the Click-iT protein synthesis assay kit according to the manufacturer's instruction (Life Technologies, Mulgrave, VIC, Australia). Briefly, cells were seeded at a density of 6 Â 10 5 per well in a 6-well plate. After 24 h, cells were washed with warm phosphate-buffered saline (PBS) and incubated with methionine-free medium for 1 h at 37 1C. Fifty micromolar metabolic labelling reagent was then added, followed by incubating at 37 1C for 3 h. Cells were then scraped off into fluorescenceactivated cell sorter tubes and washed with PBS and fixed with 4% paraformaldehyde, followed by permeabilization in PBS with supplemented with 0.1% saponin and 1% bovine serum albumin for 15 min. Permeabilized cells were then incubated with Click-iT reaction cocktail (Life Technologies) for 30 min at room temperature in dark. Cells were finally stained with Alexa Fluor 488 azide, followed by flow cytometry analysis. The mean fluorescence intensity (MFI) of each sample was corrected by extracting the background MFI detected in the corresponding sample without labelling with the metabolic labelling reagent. The relative magnitude of nascent protein synthesis in each sample represented by its MFI was then normalized against the MFI of the control sample in each experiment.
Polysome profiling
Polysome profiling was performed as reported previously. 53 Briefly, cells were seeded at a density of 7.5 Â 10 6 cells in a T150 flask. After 24 h, cells were washed with PBS and incubated in 0.1 mg/ml cycloheximide (SigmaAldrich, Castle Hill, NSW, Australia) in PBS for 3 min at 37 1C. Cells were washed two times with PBS containing CHX (0.1 mg/ml) and lysed in RNA lysis buffer. Nuclei were subsequently removed by centrifugation, and cell debris was further removed from the supernatant. The lysate was layered onto 10-ml continuous sucrose gradients. After 90 min of centrifugation at 39 000 r.p.m. in an SW41-Ti rotor at 4 1C, the absorbance at 254 nm was measured continuously as a function of gradient depth.
BrdU incorporation
BrdU incorporation assays were performed by using FITC BrdU Flow Kit (BD Biosciences, North Ryde, NSW, Australia). Briefly, 10 ml BrdU solution was added into the tissue culture medium followed with desired treatment. Cells were then harvested and analysed using a flow cytometer.
Apoptosis
Quantitation of apoptotic cells was carried out by measurement of sub-G1 DNA content using propidium iodide on a flow cytometer as described elsewhere. 51, 52 Western blot analysis Western blot analysis and quantitation of protein bands were carried out as described previously. 46, 48 Co-immunoprecipitation of Ago and miRs Co-immunoprecipitation of Ago and miRs was carried out as described by others. 36 Briefly, 200 ml of MagnaBind goat anti-mouse immunoglobulin G Magnetic Beads (Thermo Fisher Scientific, Scoresby, VIC, Australia) was washed with PBS and incubated with 10 mg of a mouse anti-pan-Ago antibody (MABE56; Millipore, Kilsyth, VIC, Australia) or purified mouse normal immunoglobulin G (Santa Cruz Biotechnology) for 2 h at 4 1C. The beads were then added into the 400 ml of whole-cell lysates and incubated overnight at 4 1C, followed by washing three times with 1% Nonidet P-40 buffer. The beads were then divided equally into two parts. Proteins from half of the beads were eluted in 2 Â sodium dodecyl sulphate sample buffer, followed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and western blot analysis of Ago. The other half of the beads was processed for RNA isolation using QIAzol, followed by quantitative reverse transcription and realtime PCR (qPCR) analysis of miRs.
TaqMan low-density array miR array miRNA array was performed using TaqMan TaqMan low-density array card (Applied Biosystems). Briefly, miRNA was purified by using miRNeasy Mini Kit (Qiagen, Chadstone Centre, VIC, Australia). Purified miRNA was reversed transcribed using the Megaplex Reverse transcription primer pool (Applied Biosystems). Hundred nanogram cDNA was mixed with TaqMan Universal PCR Master Mix and then loaded onto the TaqMan low-density array card followed with qPCR analysis using an ABI Fast 7900HT sequence detection system (Applied Biosystems). Analysis of TaqMan low-density array data (Applied Biosystems) was performed using the SDS software v.2.4 (Applied Biosystems). Relative microRNA abundance was calculated with the RQ Manager v.1.2.1 (Applied Biosystems), and data were analysed with DataAssist v.2.0 (Applied Biosystems). 54 MiRs with cycle threshold (C t ) values X40 were excluded from further analysis. The expression levels of remaining miRs were calculated against the Ct value of RNU48 as 2 (-DCt) /2 (-DCtreference) .
Quantitative reverse transcription and real-time PCR Quantitation of miR-768-3p by qPCR was performed using TaqMan microRNA (Applied Biosystems). Briefly, target miRNA was reverse transcripted from 2 ng purified total miRNA by using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). qPCR was performed using an ABI Fast 7900HT sequence detection system. C t values for miR-768-3p were normalized to the C t value of RNU48. qPCR analysis of eIF4E or AP1G1 mRNA expression was also carried out as described previously. 27 Assay-on-demand for eIF4E (Assay ID: Hs00854166_g1) and for AP1G1 (Assay ID: Hs00964419_m1) were used according to the manufacturer's protocol (Applied Biosystems). The relative expression level of eIF4E mRNA in each sample was normalized against b-actin mRNA.
